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Acid-sensing ion channels ASIC2 and ASIC3 do not

contribute to mechanically activated currents in
mammalian sensory neurones
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The molecular basis of mechanosensory transduction by primary sensory neurones remains
poorly understood. Amongst candidate transducer molecules are members of the acid-sensing
ion channel (ASIC) family; nerve fibre recordings have shown ASIC2 and ASIC3 null mutants
have aberrant responses to suprathreshold mechanical stimuli. Using the neuronal cell body
as a model of the sensory terminal we investigated if ASIC2 or 3 contributed to mechanically
activated currents in dorsal root ganglion (DRG) neurones. We cultured neurones from ASIC2
and ASIC3 null mutants and compared response properties with those of wild-type controls.
Neuronal subpopulations [categorized by cell size, action potential duration and isolectin B4
(IB4) binding] generated distinct responses to mechanical stimulation consistent with their
predicted in vivo phenotypes. In particular, there was a striking relationship between action
potential duration and mechanosensitivity as hasbeen observed in vivo. Putative low threshold
mechanoreceptors exhibited rapidly adapting mechanically activated currents. Conversely,
when nociceptors responded they displayed slowly or intermediately adapting currents that
were smaller in amplitude than responses of low threshold mechanoreceptor neurones. No
differences in current amplitude or kinetics were found between ASIC2 and/or ASIC3 null
mutants and controls. Ruthenium red (5 M) blocked mechanically activated currents in a
voltage-dependent manner, with equal efficacy in wild-type and knockout animals. Analysis
of proton-gated currents revealed that in wild-type and ASIC2/3 double knockout mice the
majority of putative low threshold mechanoreceptors did not exhibit ASIC-like currents but
exhibited a persistent current in response to low pH. Our findings are consistent with another
ion channel type being important in DRG mechanotransduction.
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Mechanosensory transduction by dorsal root ganglion
(DRG) neurones is likely to be mediated by pressure
directly activating mechanosensitive ion channels (Lewin
& Stucky, 2000). However, little is known of the molecular
mechanisms that underlie this form of transduction
(Gillespie & Walker, 2001).

In Caenorhabditis elegans two degenerin/epithelial
sodium channel (DEG/ENaC) ion channel subunits,
MEC-4 and MEC-10, are required for sensing light touch.
These subunits, with MEC-6, putatively form an ion
channel withina mechanotransduction complexincluding
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intra- and extracellular binding proteins (Tavernarakis &
Driscoll, 1997; Ernstrom & Chalfie, 2002). Mammalian
acid-sensing ion channels (ASICs) are members of the
same superfamily as MEC-4 and MEC-10 and are highly
expressed in sensory neurones (Waldmann & Lazdunski,
1998). Consistent with a function in mechanosensation,
ASIC2 (Price et al. 2000; Garcia-Afioveros et al. 2001) and
ASIC3 (Price et al. 2001) immunoreactivity is detectable
in peripheral mechanosensory structures.

Price et al. (2000, 2001) ablated the genes for ASIC2
and ASIC3 to investigate their function in somatosensory
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physiology. Using the skin—nerve preparation, certain
classes of sensory axons in null mutants were shown to
have aberrant response properties. In ASIC2 knockouts
mechanically evoked firing rates of rapidly adapting, and
to a lesser degree slowly adapting, AS-mechanoreceptors
were lower than wild-type responses. In ASIC3 knockouts
changes were observed in three modalities. In response to
mechanical stimulation, A§-nociceptors showed reduced
firing frequencies and increased activation thresholds,
whereas rapidly adapting mechanoreceptors exhibited
increased firing. In C-fibres, responses to pH 5 and noxious
heat were both reduced. These data thus suggest a role
for ASICs in sensory transduction; however, no direct
evidence has been presented demonstrating mechanical
activation of ASICs.

Genetic screens have also revealed members of the
transient receptor potential (TRP) channel family to be
candidate mechanotransducers. Fruit flies lacking the TRP
channel NompC showed a substantial loss of movement-
evoked receptor potential in bristle mechanoreceptors
(Walker et al. 2000) and NompC is also essential for
zebrafish hearing (Sidi et al. 2003). Recently, Kim et al.
(2003) showed that Nanchung, a TRP-related protein,
is expressed exclusively in chordotonal neurones in
Drosophila and is required for mechanosensation by these
cells. Another family member, OSM-9, is required for
detection of touch, osmolarity and olfactory stimuli in
C. elegans (Colbert et al. 1997). The closest mammalian
homologue of OSM-9, TRPV4, is activated by hypotonicity
(Liedtke et al. 2000; Strotmann et al. 2000) and a recent
report (Suzuki et al. 2003) suggests animals lacking this
channel have diminished pressure sensation in electro-
physiological and behavioural assays.

Another approach to studying sensory transduction
is to apply physical stimuli to cultured DRG neurones
(for examples see Cesare & McNaughton, 1996; Reid
et al. 2002). We previously characterized the responses of
cultured neonatal rat neurones to mechanical stimulation
(Drew et al. 2002) and showed that categorizing neuro-
nes according to their capsaicin sensitivity indicated that
they retain aspects of their in vivo mechanosensitive
phenotypes. In this study we mechanically stimulated
cultured adult mouse DRG neurones and investigated the
effect of ASIC2 and/or ASIC3 gene ablation on evoked
responses.

Methods

All experimental procedures were carried out according to
the UK Animals (Scientific Procedures) Act 1986.
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Generation of ASIC2 and ASIC3 null mutants

The ASIC2 null mutants used in this study have previously
been described in Price et al. (2000). Briefly, a neo cassette
was inserted into the ASIC2 gene to replace two exons
encoding the entire second transmembrane domain and
part of the putative pore-forming domain.

Genetic disruption of the mouse ASIC3 gene was carried
out by a standard positive—negative selection scheme
(Mansour ef al. 1988) in mouse R1 embryonic stem cells
(Nagy et al. 1993). The targeting vector contained a 2.3 kb
Hind 3/Nsil 5'-arm of homology (—2211 to +83 base
pairs relative to the initiator ATG codon) and a 6.2 kb
Sph1/Sph13’-arm of homology (41880 to +8083 relative
to ATG), flanking the thymidine kinase (TK)-neo positive
selection cassette (Fig. 1A). This led to the deletion of the
first two coding exons (containing amino acids 28-229).
Speed Congenics (Jackson Laboratories, Bar Harbour,
ME, USA; see http://jaxmice.jax.org/library/communi-
cation/communication06.pdf) was applied to ASIC3 gene-
targeted mice, utilizing C57Bl/6] mice as the backcross
strain. ASIC3 heterozygous null mice, determined to
be genetically >99% C57Bl/6] by marker-assisted back-
crossing, were then intercrossed to generate ASIC3 homo-
zygous null mice.

In both cases experimental animals were the offspring
of matings of either knockout (KO) or wild-type pairings
from the offspring of heterozygous parents. To generate
mice lacking both genes ASIC2 nulls were bred to ASIC3
nulls to generate animals heterozygous for both genes.
These animals were then crossed and double KOs and wild-
type offspring were selected from the resultant offspring to
breed lines of wild-type and double KO mice. Therefore, in
all experiments wild-type and KO mice were ‘first cousins’.

ASIC3 expression studies

Total RNA was isolated using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Two mice were used for
each tissue tested, with the exception of dorsal root ganglia,
which, owing to their small size, were pooled for sufficient
RNA template. Reverse transcriptase-polymerase chain
reaction (RT-PCR) amplification of ASIC3 mRNA was
done using 1 g of total RNA in the Supercript One Step
RT-PCR system (Invitrogen). Glyceraldehyde phosphate
dehydrogenase (GAPDH) was used as an internal standard.
RT-PCR was carried out under the following thermal
cycling conditions: 50°C, 30 min; followed by 94°C, 3 min.
This first step was then followed by 30 cycles of 94°C,
30s; 60°C, 1 min; 72°C, 2.5 min; and a final extension
step of 72°C, 10 min. Primer sequences spanned exon—
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intron boundaries so that products of the expected size
could only be derived from properly spliced mRNA
templates. Primer sequences used for RT-PCR were as
follows:

ASIC3  sense
ACTGGAG-3'
ASIC3 antisense primer, 5-TTCCTCCTGGCCGTGG
ATCTGCAC-3
Expected amplicon, 741 bp
GAPDH sense primer, 5-TCAACGACCCCTTGATTGA
CC-3
GAPDH antisense primer, 5-GGATGCAGGGATGATG
TTCTGG-3

Expected amplicon, 534 bp.

primer, 5 ATGAAACCTCCCTCAGG

Products were electrophoresed on 1% agarose gels stained
with ethidium bromide, and photographed. Gels were then
subjected to Southern blot transfer, and **P-labelled probes
specific for ASIC3 and GAPDH were used to verify the
amplification products.

Cell culture

Cells were cultured from adult mice (ASIC2 and ASIC2/3
KOs: 6-9 weeks, ASIC3 KOs: 14—16 weeks). Animals were
killed by inhalation of a rising concentration of CO,
followed by cervical dislocation and 20-25 dorsal root
ganglia were dissected from each. Ganglia were digested
in collagenase (TypeXI, 0.6mgml~!, reagents from
Sigma unless stated otherwise), dispase (3.0 mgml™')
and glucose (1.8 mgml™') in Ca’t,Mg*"-free PBS for
40 min prior to mechanical trituration. Cells were then
resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (Gibco),
2mm glutamine (Gibco), 10000iu. ml™! penicillin—
streptomycin (Gibco) and 100 ng ml~! nerve growth factor
(NGF) and plated on 35 mm dishes coated with poly-
L-lysine and laminin. Recordings were made 16-36 h after
plating.

Electrophysiology and solutions

Neurones whose soma was not in contact with those
of other neurones were selected for recording. Whole-
cell, perforated patch recordings were made using an
Axopatch 200B amplifier (Axon Instruments) controlled
by pCLAMP 6 (Axon Instruments). Data was acquired
at 5-20 kHz. Patch pipettes were made from thin-walled
glass (Harvard Apparatus) and had an initial resistance
of 2-3 M2 when filled with internal solution. Seals had
a series resistance of 4-10 M2, compensated for by 40—
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60% (feedback lag; 15 us) in both voltage- and current-
clamp experiments. Voltage-clamp recordings were made
at a holding potential of =70 mV unless otherwise stated.
For cell-to-cell comparison action potential recordings in
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Figure 1. Disruption of the ASIC3 gene in mice

A, the wild-type ASIC3 gene has 11 identified exons (rectangles). The
wild-type ASIC3 locus is bounded by two Xba | sites, ~20 kb apart

(X =Xbal, R = EcoR ). The middle panel shows the ASIC3 gene
targeting vector that deletes most of exon 1 and all of exon 2.
Targeted constructs acquired a new Xba | site, 3.6 kb upstream from
the endogenous 3’ Xba | site. B, Southern blot analysis of ASIC3
gene-targeted embryonic stem cells. Wild-type and gene-targeted
fragment sizes are indicated. C, RT-PCR analysis of mRNA expression in
wild-type and ASIC3 null mice. Separate reactions were carried out for
GAPDH and ASIC3, under identical amplification conditions.
Amplification products were electrophoresed, Southern blotted, and
probed with 32P cDNA probes. W = wild-type, K = ASIC3 null, — = no
RNA.
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the current-clamp configuration were made from a base-
line potential of —70 mV, adjusted by passing polarizing
current.

Standard intracellular solution contained (mm): 110
methanesulphonic acid, 30 KCl (BDH), 1 MgCl, and 10
Hepes, pH 7.35 (pH was corrected using KOH; final K*
concentration ~140 mm); 200 ugml~' amphotericin B
was added immediately before recording. When testing
the blocking efficiency of ruthenium red on inward and
outward currents a Cs™-based internal solution was used
(mM): 110 CsMetSOy, 30 CsCl, 1 MgCl,, 10 Hepes, pH 7.3
(adjusted using CsOH). The standard external solution
contained (mm): 140 NaCl (BDH), 4 KCI (BDH), 2 CaCl,
(BDH), 1 MgCl, and 10 Hepes, pH 7.4 (adjusted using
NaOH). pH 5.3 solution was made with 10 mm Mes in
place of Hepes. Capsaicin was dissolved as a 10 mm stock
in DMSO and then diluted in standard external solution
to 1 um. A 500 um stock solution of ruthenium red was
made in external solution. IB4 labelling was achieved by
incubating the cellsin 3 ;ug m1~! IB4-Alexa 488 (Molecular
Probes) in standard external solution for 10 min and then
washing twice in external solution prior to recording.

Mechanical stimulation and drug application

Following seal formation, a series of incrementing
mechanical stimuli were applied to the neurone in voltage
clamp. The recording configuration was then switched to
current clamp and a series of incrementing, depolarizing
currents were passed to elicit action potentials. Working
with adult animals allowed us to use action potential
properties to divide neurones into presumptive low
and high threshold mechanoreceptor populations as
membrane properties of sensory neurones reach a mature
state after postnatal week 3 (Fitzgerald & Fulton, 1992).
Subsequently, in voltage clamp the presence or absence of
tetrodotoxin-resistant (TTX-r) voltage-activated sodium
currents was noted and the characteristics of the celal’s
responses to protons and capsaicin were determined.
Mechanical stimulation of neuronal somata was
achieved using a heat-polished glass pipette (tip diameter
5um), controlled by a piezo-electric crystal drive
(Burleigh), positioned at an angle of 70 deg to the surface
of the dish. The probe was positioned so that a 10 um
movement did not visibly contact the cell but thata 12 um
stimulus produced an observable membrane deflection. A
12 um movement was then defined as a 2 yum stimulation,
14 um as a 4 um stimulus, and so on. The probe was
moved at a speed of 0.5 umms™' and the stimulus was
applied for 200 ms. To assess the mechanical sensitivity of
aneurone, a series of mechanical steps in 2 um increments
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were applied (9 for large cells and 7 for small-medium
cells) at 15 s intervals, which was sufficient for full current
recovery. Action potentials were evoked by 1 ms (20 ms
for ASIC2 mice) square waves of current injection. TTX-
r Na*t currents were tested for by applying a family of
10 ms depolarizing voltage steps whilst the neurone was
perfused in 300 nm TTX. Capsaicin (1 um) and low pH
(pH 5.3) were applied for 4s using a multibarrel rapid
solution changer (Biologic). Ruthenium red was applied
through a single tube with multiple inputs perfusing
the neurone. For these experiments, cells that showed a
reproducible response to mechanical stimuli (> 200 pA
stimulated, stimulus duration 100 ms, at 20 s intervals)
were selected for further experimentation.

Neurone diameters were determined as the mean of
the shortest and longest ‘diameters’ measured using
imaging software (Openlab). Action potential amplitude
was measured from the baseline potential (—70 mV) to the
peak potential change and the duration was measured as
the width of the action potential at half the peak amplitude.
For analysis of adaptation kinetics, exponentials were
only fitted to currents over 150 pA. Data are presented
as mean =+ S.E.M.

Results
Generation of ASIC3 null mutants

ASIC3 null mutants were generated by using homologous
recombination to delete amino acids 28-229 of the ASIC3
genes. This corresponds to removal of the majority of exon
1 and the whole of exon 2 which encode approximately the
last third of the amino terminus, the first transmembrane
domain and nearly half of the extracellular loop.

Using RT-PCR, ASIC3 mRNA was detected in brain,
spinal cord and dorsal root ganglia of wild-type animals
but was absent from null mutants (Fig. 1C). ASIC3 nulls
were indistinguishable from wild-type littermates in terms
of gross morphology, behaviour and fertility.

Mechanically activated currents in large, wild-type
DRG neurones

As shown previously (McCarter et al. 1999; Drew et al.
2002) cultured sensory neurones responded to focal
mechanical stimulation of their somata with an inward,
cationic current. Overall, 70.2% (66/94) of large wild-type
neurones (> 35 pum, mean 41.05 =+ 0.29 um) displayed
mechanically activated (MA) currents. To determine if the
properties of the MA currents correlated with other aspects
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of neuronal phenotype we divided the neurones into sub-
populations.

We classified neurones according to diameter, action
potential properties and IB4 binding and also applied
a low pH stimulus (pH5.3) and capsaicin (1 um) to
each and tested for the presence or absence of TTX-r
voltage-activated sodium currents. Others have described
a robust correlation between action potential properties
and the peripheral receptor type of DRG neurones: low
threshold mechanoreceptors have narrow, uninflected
action potentials and high threshold mechanoreceptors
and nociceptors have wide, inflected action potentials
(Koerber et al. 1988; Ritter & Mendell, 1992; Lawson,
2002). Therefore, we divided large neurones into those
with action potential durations of less than or equal to
1 ms (narrow action potentials) and those with longer
action potentials (wide action potentials). The majority
of narrow action potentials had uninflected falling phases
although some had very minor inflections whereas all wide
action potentials showed prominent inflections during
repolarization (Fig. 2A). This was strongly correlated with
the expression of TTX-r sodium currents; only 6.2%
(2/32) of narrow action potential neurones expressed
TTX-r currents while these currents were present in 97.9%
(47/48) of neurones with wide action potentials.

Amongst large DRG neurones from wild-type animals
we found a clear distinction between MA currents
expressed by narrow and wide action potential neuro-
nes (Fig. 2B). Of neurones with narrow action potentials,
96.5% (55/57) expressed MA currents and of these 96.4%
(53/55) responded to mechanical stimulation with rapidly
adapting (RA) currents (Fig. 2C). The other two neuro-
nes that responded exhibited currents with significantly
slower adaptation kinetics. Of the two neurones with
action potentials that expressed TTX-r sodium currents
one was unresponsive and one had more slowly adapting
MA currents.

In contrast, in neurones with wide action potentials,
MA currents were only seen in 29.7% (11/37) of cells
(x* P <0.001) (Fig.2B). Moreover, the neurones that
responded displayed MA currents with distinctly slower
adaptation kinetics than those seen in narrow action
potential neurones (Fig. 2C) and that were much smaller in
amplitude (Fig. 2D) (2-way, repeated measures ANOVA;
P =0.02). The mean maximal response of narrow action
potential neurones was 1.57 =0.21 nA compared to
0.37 £ 0.17 nA by wide action potential cells. Typical
rapidly adapting MA currents in neurones with narrow
action potentials were unaffected by exposure to 300 nm
TTX; currents in TTX were 99.1 & 1.4% of control values
(n =3, Fig. 2E).
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Analysis of MA current kinetics revealed that the
adaptation of RA currents was well fitted by two
exponentials (Fig. 3A). Of the two derived time constants,
71 was 2.93 +0.07 ms (n = 126) and described the initial
very rapidly adapting component of the current, while
72 was significantly longer, 53.05+2.10ms (n = 126)
and described the later more slowly adapting part of
the current. The amplitude of the component defined
by t1 accounted for most of the current (77.6 & 1.3%)
whereas the more slowly declining component accounted
for 22.2 + 0.7%. Peak MA current amplitude for a 16 um
stimulus for each narrow action potential (AP) neurone
was compared to the size of 71 and 72 to determine if the
kinetics of the current changed as the amplitude increased.
Currentamplitude had a small positive correlation with 7 1
(Pearson’s product moment; r = 0.40, P < 0.01; Fig. 3B)
and a much stronger correlation with 72 (r =0.88,
P <0.001; Fig. 3C), i.e. current adaptation slowed with
increasing current amplitude.

The kinetics of MA currents expressed by wide action
potential neurones showed considerably more variation in
their adaptation kinetics than did RA currents. Most MA
currents were well fitted by a single exponential (example
shown in Fig. 2C) whilst some were well fitted by two
exponentials with a short t1 that accounted for only a
minor fraction of the current amplitude (i.e. < 20%). Such
cellswere pooled in the category of intermediately adapting
(IA) currents. One wide AP cell responded with a slowly
adapting (SA) MA current; such currents declined very
little in amplitude over 200 ms and were also characterized
by current amplitude reaching a peak during the stationary
part of the stimulus (see for example Fig. 6 E). This contra-
sts with both RA and TA currents where peak current
amplitude occurred concurrently with cessation of probe
movement.

Mechanically activated currents were unchanged in
large DRG neurones derived from ASIC2 and/or ASIC3
null mutants

Price et al. (2000) have shown that Ap-fibres from
ASIC2 null mutants had decreased firing rates in
response to mechanical stimuli. We therefore compared
the MA currents of large neurones with narrow
action potentials derived from ASIC2 KOs to wild-
type controls. As can be seen in Fig.4A the mechano-
sensitivity of neurones from these two genotypes was
not significantly different (2-way, repeated-measures
ANOVA; P=0.82). The mean maximal amplitudes of
MA currents were 2.66+0.51nA for KOs (n=21)
and 2.154+0.55nA for wild-types (n=21). Similarly



696 L. J. Drew and others

the kinetics of MA currents were unaltered by the
deletion of the ASIC2 gene (Fig.4B and D); ASIC2
KO versus wild-type; t1=3.00=£0.10 (n=63) versus
2.89+0.08ms (n=56), 12=62.03+4.77 (n=063)
versus57.36 £ 4.17 ms (n = 56). All neurones with narrow

A B

J Physiol 556.3

APs from the ASIC2 KOs and 21/22 from wild-
type controls were mechanosensitive and generated RA
currents (Fig. 4C).

Despite strong evidence that ASIC2 subunits coassemble
into heteromeric ASIC channels that mediate transient
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low-pH gated currents, such currents in ASIC2 KOs show
almost indistinguishable kinetics and amplitudes from
wild-type currents (Price et al. 2000; Benson ef al. 2002).
In contrast, proton-gated currents are significantly slowed
by the removal of ASIC3 (Price et al. 2001; Benson et al.
2002; Xie et al. 2002) and there is some alteration of
mechanically evoked firing in RA Af-mechanoreceptors
from these mutants (Price et al. 2001). We confirmed
the slowing of proton-gated currents in ASIC3 nulls (see
below) and then assessed MA current characteristics.
We found that there was no change in either current
amplitude (Fig.4A) or in the response kinetics (Fig. 4B
and D). Of neurones with narrow APs derived from
ASIC3 nulls, 88.9% (8/9) were mechanosensitive
and all had RA currents (Fig.4C). The mean evoked
current of responding neurones by a 16 um stimulus
was 1.45+0.46 nA (n=28) for ASIC3 nulls and
1.51+0.74 nA (n=28) for wild-types. Neither t1 nor
72 differed significantly: ASIC3 KO versus wild-type;
t1=3.5140.25 (n =20) versus 3.02 £ 0.18 ms (n = 15),
12=052.71+348 (n=20) wversus 47.06=%5.55ms
(n=15).

It has been suggested that there may be a significant
amount of functional redundancy amongst the ASIC
ion channel family or that in nulls there is functional
compensation by related channels (Welsh ef al. 2002).
We therefore subsequently focused on the properties of
MA currents of double KO (DKO) mice lacking the
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genes for both ASIC2 and ASIC3. There are currently
no published investigations of such animals using the
skin—nerve preparation but ASIC2 and ASIC3 are believed
to heteromultimerize in DRG neurones (Benson et al.
2002) and are proposed to function cooperatively in
mechanosensation (Welsh er al. 2002). Comparison of
MA currents from large neurones with narrow APs
showed that there was a trend towards currents being
of smaller amplitude in the ASIC2/3 DKOs but this
difference was not significant (Fig. 4A and 2-way, repeated-
measures ANOVA; P = 0.09). Peak MA current amplitude
in wild-types was 1.43+£0.28 nA (n=25) compared
to 0.934+0.21nA (n=25) in DKOs. The removal of
these two genes together did not alter the kinetics of
the observed MA currents (Fig.4B and D). ASIC2/3
DKO versus wild-type: 71 =2.9440.10 (n =44) versus
29440.13ms (n=55), 12=45374+2.11 (n=44)
versus 50.95 £ 2.09 ms (n = 55).

Inall three KO strainslarge neurones with wide APs were
either unresponsive to mechanical stimuli up to 16 um
(ASIC244.4% (8/18); ASIC3 100.0% (8/8); ASIC2/3 83.3%
(5/6)) or displayed MA currents with IA kinetics, except for
one ASIC2 KO neurone which had RA MA currents (AP
width: 1.1 ms). In no mouse strain was the proportion of
cells that did not respond different to that in wild-type
controls (Fig.4C). Also the mean amplitude of evoked
responses did not differ between each KO strain and
control (data not shown).

A Eiadinnd aank o0 d r“-“-%——-w
\ A TV
| 0.5 nA
l 50 msec
Figure 3. Decay of rapidly adapting MA
currents is well described by two
exponentials B C
A, example of the fitting of two exponentials 6
(continuous line) to the decay of a MA current * 200 *
(dashed line). B and C, graphs show the ’g 5 g
relationship between peak current amplitude g 4 ". . . * . g 150 .
and the duration of 1 (B) and 72 (C) for RA = 3] e °° o ;\1’100 .
MA currents evoked by a 16 um stimulus 2 O =} * g
.o ° . (] . ° LY
(n = 46). In both cases there is a significant 2 ','.' . F 50 ““ .
positive correlation between each variable for 1 ol®

1, r = 0.40 (Pearson’s product moment,
P <0.01)and forz2,r =0.88 (P < 0.001).
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Figure 4. Comparison of MA currents in large neurones from wild-type and ASIC2 and/or 3 null mutants
A, graphs showing stimulus-response relationships for ASIC2 (n = 21), 3 (n = 8) and 2/3 (n = 25) knockouts (KO)
versus wild-type controls (n = 21, 8 and 25, respectively). B, example traces of RA MA currents from narrow action
potential neurones (scale bar is 1 nA in each trace). Left, traces from null mutants and, right, from wild-types for
ASIC2 (top), ASIC3 (middle) and ASIC2/3 (bottom). C, frequency histograms for responses to mechanical stimulation
of narrow (left) and wide (right) action potential neurones for null mutants (right) and wild-type controls (left). D,
comparison of t1 (left) and 2 (right) values for RA MA currents between wild-type controls (open columns) and

null mutants (filled columns): ASIC 2 (left), ASIC3 (centre) and ASIC2/3 (right).
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Comparison of neuronal resting potential, AP duration,
AP amplitude and AP dV /df,.. between genotypes
for each strain revealed only one difference (see
Table A, available online as Supplementary Material);
dV /dt . was significantly smaller in ASIC2/3 DKO
narrow AP neurones versus wild-type; 368.00 + 12.66
versus 432.20 £ 24.21 mV ms™~! (Student’s unpaired  test,
P =0.02). The significance of this is unclear.

Ruthenium red voltage-dependently blocks
mechanically activated currents

Previously we showed that ruthenium red blocked all MA
currents in neonatal rat neurones with an ICs, value of
around 4 um (Drew et al. 2002). Here we tested the ability
of 5 um ruthenium red to inhibit MA currents in neuro-
nes that displayed RA inward currents from wild-type
and ASIC2/3 DKOs. At a holding potential of —70 mV
this concentration reduced responses by 43.27 £ 4.57%
(n=>5) and 47.08 £ 2.15% (n = 4), respectively (Fig. 5A
and B), indicating that there was no difference in
phenotypes. Interestingly, it was observed that ruthenium
red block of MA currents was strongly voltage dependent.

B
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MA currents are non-selective cation currents with a
reversal potential of around 0 mV in quasi-physiological
solutions (L. J. Drew & P. Cesare, unpublished data).
When 5 pum ruthenium red was applied to neurones held
at +70 mV, outward MA currents were not inhibited in
either genotype (ASIC2/3 DKO: 97.53 4 4.53%, n= 3, of
control versus wild-type: 95.02 +7.52%, n =2) (Fig.5A
and O).

Mechanically activated currents in small-medium
neurones from wild-type and ASIC2/3 null mutants

Responses of small-medium diameter (< 35 um,
mean 29.52 £ 0.38 um) DRG neurones to mechanical
stimulation were also tested and wild-type responses
were compared to those of ASIC2/3 DKOs. Nearly all
small-medium neurones exhibited wide action potentials
(88.2%, 45/51) and overall 51.0% (26/51) of them
responded to mechanical stimulation up to 12 um. We
subdivided neurones firstly according to whether they
bound the isolectin IB4.

The mechanical response properties of neurones that
did not bind IB4 (IB4-) fell into four categories: 51.4%

+70 mV
100 T

-70 mV

50

% Control
H

25

- 70 mV ASIC2/3 DKO

Figure 5. RA MA currents are voltage
dependently blocked by ruthenium red
A, inhibition of RA MA currents by 5 um |
ruthenium red at a holding potential of

—70 mV (left) and +70 mV (right) in
wild-type (filled columns) and ASIC2/3 double
knockouts (DKOs) (open columns). B,
example traces of ruthenium red blockade of
MA currents in a wild-type neurone held at
—70 mV. C, example traces showing no effect
of ruthenium red at +70 mV in an ASIC2/3
DKO neurone.
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(18/35) of wild-type neurones did not respond to
stimulation up to 12 um, 17.1% (6/35) responded with RA
currents, 14.3% (5/35) had IA currents and 17.1% (6/35)
displayed SA currents (Fig.6A and C-E). The kinetics
of RA currents and A currents were similar to those
observed in large neurones. RA currents (Fig. 6C) were
well fitted by two exponentials, t1 (2.64 + 0.21 ms, n = 8)
described the initial very rapidly adapting component,
and the longer 72 (48.90 & 6.39 ms, n = 8) described the
second slowly decaying part of the response. IA currents
(Fig. 6D) were again a mixture of those well described by a

J Physiol 556.3

single exponential and those better described by two, but
with the fast 7 accounting for a minor part of the current.
SA currents (Fig. 6E) were more prevalent amongst small
nociceptive neurones than amongst large neurones.

MA currents observed in small IB4— neurones derived
from ASIC2/3 DKO showed no significant differences
from those seen in wild-type neurones. The proportion
of neurones attributed to each category was not altered:
52.0% (13/25) did not respond, 12.0% (3/25) showed
RA currents, 24.0% (6/25) had IA currents and 12.0%
(3/25) had MA currents that adapted slowly (x % P = 0.73,

8 10 12

Stimulus (pm)

ASIC2/3 KO

il

Figure 6. MA currents exhibited by
wild-type and ASIC2/3 DKO IB4-
small-medium DRG neurones

A, frequency histograms for responses of
wild-type and ASIC2/3 DKO neurones;
responses were of four types — slowly (SA),
rapidly (RA) or intermediately (IA) adapting
currents, or no response (No Res). B,
comparison of stimulus—response
relationships for pooled data from IA and SA
currents of wild-type (®, n = 11) and ASIC2/3
DKO (0, n = 9) neurones. C-£, example
traces of RA, 1A and SA currents, respectively,
from wild-type (left) and ASIC2/3 DKO (right)
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Table 1. Response properties of IB4-negative small-medium neurones defined by

their response to mechanical stimulation

MA
current Genotype AP > 1ms TTX-r Capsaicin pH 5.3 T:S:M
RA WT 1/6 1/5 0/5 5/5 4:1:0
DKO 1/3 2/3 0/3 2/2 1:1:0
SA WT 6/6 5/5 1/5 5/5 3:1:1
DKO 3/3 2/2 0/2 12 0:1:0
1A WT 5/5 5/5 2/5 5/5 4:1:0
DKO 5/5 5/5 2/4 4/4 2:2:0
No WT 17/18 15/16 8/16 16/16 8:5:3
response DKO 11/12 12/12 5/11 10/10 6:4:0

The table shows the fraction of neurones in each category (RA, rapidly adapting;
SA, slowly adapting; IA, intermediately adapting) that have action potential (AP)
durations over 1 ms, respond to capsaicin, express TTX-r sodium currents and respond
to pH 5.3. The final column indicates the kinetics of responses to pH 5.3: T, transient
current; S, slow (persistent currents/TRPV1-mediated responses); M, mixed currents.
WT, wild-type; DKO, double knockout mice.

Fig. 6A). Similarly, within each group the kinetics of the
responses were not altered by the gene deletions (Fig. 6C—
E). For RA currents t1 was 2.924+0.37ms (n=6) and
T2 was 49.81 & 8.04 ms (n = 6). The mean evoked current
amplitude of this class of neurones was unaltered in the
DKOs. The stimulus—response curves for pooled IA and
SA MA currents are shown in Fig. 6B (2-way ANOVA,
repeated measures; P = 0.37). No differences were seen
between RA, SA and IA groups when analysed separately
(data not shown).

Examination of the physiological properties of neuro-
nes classified according to their responses to mechanical
stimulation revealed some trends within groups (see
Table 1). The majority of neurones that expressed RA
currents also fired narrow APs (4/5 in wild-types and 2/3
in DKOs) and none responded to capsaicin. Neurones
with SA currents were largely capsaicin insensitive (wild-
type: 5/6, DKO: 2/2) but all expressed wide APs. Nearly
all unresponsive neurones (wild-type: 17/18, DKO: 11/12)
and IA MA current neurones (wild-type: 6/6, DKO: 4/4)
had wide APs. Within these groups, in both genotypes,
approximately half of the cells responded to capsaicin (see
Table 1).

Interestingly, action potentials of IB4— nociceptors
were significantly longer in DKO neurones than in
wild-type neurones (2.87£0.33ms (n=22) wversus
1.924+0.13ms (n=29), Student’s unpaired ¢ test,
P =0.01), which may in part be related to a lower
rate of change of membrane potential
in DKO neurones (230.48+17.36 mVms™' versus
272414+ 12.32mVms~!, P < 0.05).

In IB4-binding (IB4+) neurones it was found that
both wild-type and ASIC2/3 DKO neurones were either

maximal
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unresponsive to mechanical stimulation or responded
with TA currents. In each case the proportion was
approximately 50%; in wild-type neurones 56.3% (9/16)
responded whilst in DKOs 50.0% (10/20) responded
(Fig. 7A). The mechanosensitivity of responding neuro-
nes was not significantly different between genotypes
(2-way ANOVA, repeated measures; P =0.70, Fig. 7B).
Mean maximal currents were 434.05 & 76.45 pA in DKOs
and 360.88 £ 105.70 pA in wild-types. Residual currents
were observed in these neurones that persisted after the
withdrawal of the mechanical stimulus (e.g. Fig.7C).
Such currents were not observed in other cell types and
their significance is unclear. There were no differences in
the physiological parameters of IB4+ neurones between
genotypes or between those that responded to mechanical
stimulation and those that did not (see Table A in online
Supplementary Material).

In neonatal rat, IB44+ neurones were essentially
refractory to mechanical stimulation (Drew et al. 2002)
suggesting that there is either a species or a developmental
difference thataccounts for the observation of MA currents
in the adult mouse IB4+- cells. To distinguish between these
possibilities IB4+ neurones from young adult (p28) rats
were mechanically stimulated. In 16 neurones tested 43.8%
(7/16) exhibited MA currents and of these 85.7% (6/7)
displayed IA currents whilst the other cell had SA kinetics
(see Fig. 7A and C). The mean maximal evoked current
was 0.30 £ 0.08 nA.

Comparison of wild-type IB4+ and IB4— nociceptors
(i.e. neurones selected for having wide, inflected APs)
revealed a number of differences between these two
groups of cells. As previously reported by Stucky & Lewin
(1999) IB4+ neurones had significantly longer action
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potentials than IB4— neurones (2.854 0.17 ms versus
1.92 +0.13 ms, Student’s unpaired ttest, P < 0.001).
However, in our recording configuration a number
of other differences were apparent; most notably,
the resting membrane potential of IB4+4 neurones
was more depolarized than that of IB4— neurones
(=51.92 £ 0.87 mV versus —58.03 & 0.76 mV, Student’s
unpaired f test P < 0.001). Action potentials (recorded at
a potential of —70 mV) were also significantly larger in
IB4+ cells (145.59 +0.83 mV wversus 139.29 £+ 1.09 mV,
P <0.001) and the maximal rate of change of
membrane potential was higher in IB4— neurones
(272.41 £12.32 mV ms~! versus 232.19 £ 8.10 mV ms~},
P < 0.05) (see Table A in online Supplementary Material).

Low pH and capsaicin-evoked currents in wild-type
and ASIC2/3 null DRG neurones

As well as studying the association between ASICs and
mechanosensitivity, we also categorized the responses of

L. J. Drew and others
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different classes of DRG neurone to low pH (pH 5.3) and
investigated the previously unreported response properties
of neurones lacking the genes for ASIC2 and 3. As before,
neurones were classified according to size, action potential
duration and IB4 binding. Responses to low pH fell
into three classes: transient ASIC-like responses, slowly
activating, persistent currents or mixed currents (in which
a small transient current was activated prior to a slowly
activating, persistent component) (see Figs 8 B and 9B).
Application of pH5.3 solution to wild-type, large
neurones evoked an inward current in 90.7% (49/54) of
cells; the proportion of positive responses was similar
amongst wide (85.7%; 18/21) and narrow (93.9%; 31/33)
action potential classifications. However, the division of
responses according to desensitization kinetics revealed
significant differences between the two neuronal classes.
Amongst neurones with narrow action potentials the pre-
dominant response was a slowly activating, persistent
current seen in 71.0% (22/31) of responding neuro-
nes (Fig.8A and B). In contrast, no neurones with a
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Figure 7. MA currents exhibited by adult rat, wild-type mouse and ASIC2/3 DKO mouse I1B4+ DRG

neurones

A, frequency histogram showing that approximately half of IB4+ neurones from wild-type (56.3%, left) and
ASIC2/3 DKO (50.0%, centre) mice exhibited intermediately adapting MA currents whilst the remainder were
unresponsive to mechanical stimulation. In the adult rat 56.3% of neurones did not respond; of those that did 6/7
had intermediately adapting kinetics and the seventh was slowly adapting. B, comparison of stimulus—response
relationships for wild-type (®, n =9) and ASIC2/3 DKO (0, n = 10) neurones from mice showing no significant
difference between these populations. C, examples of MA current traces from a wild-type (left) and an ASIC2/3
DKO (centre) mouse neurone and an adult rat neurone (right).
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Figure 8. Currents activated in large DRG neurones by pH 5.3; comparison of ASIC2/3 DKO and wild-type
neurones

A, frequency histograms of the responses of different neuronal populations to pH 5.3. Left, large neurones with
narrow action potentials; right, large neurones with wide action potentials; wild-type columns are on the left
and nulls on the right. Responses were classified as Transient, Slow/TRPV1 (slowly activating persistent currents
or currents probably mediated by TRPV1), Mixed (initial transient peak followed by slowly activating persistent
current) or Negative (non-responsive). Mixed currents were absent from ASIC2/3 DKO neurones, otherwise the
proportions of each type of response were similar in each subpopulation. B, example traces from wild-type (top)
and ASIC2/3 DKO (bottom) large, narrow action potential neurones. C, mean peak current amplitudes of transient
proton-gated currents. Currents generated by large neurones with narrow action potentials (left) and wide action
potentials (right); wild-type (filled columns) and ASIC2/3 DKO (open columns). In wild-types, responses of wide
action potential cells were significantly larger than those of narrow action potential cells (P < 0.05). ASIC2/3
DKOs had larger currents than wild-types in narrow action potential neurones (P < 0.05) and there was a similar
trend between wide action potential neurones (P = 0.054). D, mean current amplitudes of persistent proton-gated
currents in large neurones with narrow action potentials; wild-type (filled column) and ASIC2/3 DKO (open column).
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wide action potential showed such a response in the
absence of a transient component. Instead, amongst this
population 77.8% (14/18) neurones expressed transient
currents typical of those mediated by ASICs (Fig.8A
and B). Transient proton-gated currents were seen in
only 16.1% (5/31) of narrow action potential neuro-
nes. Moreover, the amplitudes of transient currents were
significantlylarger in neurones with wide action potentials,
2.67 £ 0.60 nA, than in narrow action potential neuro-
nes, 0.39+0.12nA (ttest, P <0.05, Fig.8C). In both
groups the duration and profile of the transient component
was similar (7 desensitization, narrow action potential:
126.8 + 16.6 ms, wide action potential: 194.2 &+ 26.4 ms,
P=0.12), whereas the fractional amplitude of the
sustained component varied. The amplitude of persistent
currents was consistently small, the mean maximal
amplitude amongst wild-type neurones with narrow
action potentials was 197.4 £ 18.6 pA (n =22, Fig. 8D).
This also suggests that larger transient proton-gated
currents may have masked such currents in some neuro-
nes. ‘Mixed’ currents were seen in 12.9% (4/31) of
narrow action potential neurones and 5.6% (1/18) of wide
action potential cells (Fig. 8A and B). In three capsaicin-
sensitive wide action potential neurones the response
kinetics indicated that the currents were likely to be
mediated solely by TRPV1 (data not shown). Consistent
with our previous observations (Drew et al. 2002) there
was no correlation between the amplitude or type of
response to low pH and the response to mechanical
stimulation.

In large ASIC2/3 DKO neurones the proportions of
neurones with slow and transient currents were similar
to wild-type although mixed currents were not observed.
Amongst narrow action potential cells, 85.0% (17/20)
responded to protons; 82.4% (14/17) had persistent
currentsand 17.6% (3/17) had transient responses (Fig. 8A
and B). Four of four neurones with wide action potentials
responded; 3/4 had transient currents and the remaining
neurone displayed a slowly activating persistent current.
The desensitization kinetics of transient currents were
similar in both groups and were much slower in DKO
neurones than in wild-type neurones (Fig.8B). The t
of desensitization was 1.06 +0.08 s for narrow action
potential neurones and 1.1540.02s in wide action
potential cells. There was a tendency for transient currents
to be of larger amplitude in DKO neurones; in neuro-
nes with narrow action potentials the mean amplitude
was 2.28 £0.96 nA (n=3, P =0.04 versus wild-type,
Fig.8C) and in wide action potential neurones it was
6.33 £2.82 (n =3, P =0.054 versus wild-type, Fig. 8C).
Slowly activating persistent currents were slightly larger
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in DKO neurones but the difference was not significant;
the mean amplitude was 229.4+21.2pA (P =0.07
versus wild-type, Fig. 8D). Changes in transient low pH-
evoked current kinetics in ASIC2 and ASIC3 knockouts
were consistent with the effects published by Benson
et al. (2002) and Xie et al. (2002) (data not shown).
However, while mixed kinetic currents were present in
ASIC2 knockout neurones, they were absent from ASIC3
knockouts.

Only 4.3% (2/46) of large wild-type neurones with
narrow action potentials responded to capsaicin (both
responses were small, < 250 pA, and one of these cells
generated a TTX-r sodium current). However, 25.0%
(8/32) of large, wide action potential neurones were
capsaicin sensitive. These responses varied widely in
amplitude but tended to be larger than those of narrow
action potential cells; the mean evoked current was
4.05 &£ 2.36 nA (data not shown).

We then examined pH 5.3-evoked currents in small-
medium nociceptive neurones, i.e. those with wide action
potentials. Nearly all IB4— nociceptors responded to a
pH 5.3 stimulus (wild-type: 100.0% (26/26), and ASIC2/3
DKO: 93.3% (15/16)). Responses to pH 5.3 in relation to
responses to mechanical stimulation are summarized in
Table 1. Amongst wild-type neurones transient proton-
gated currents were present in 50.0% (13/26) of cells,
mixed currents in 15.3% (4/26) and persistent currents
in 34.6% (9/26), three of which were probably TRPV1
mediated (Fig. 9A and B). In ASIC2/3 DKO neurones only
sustained and transient currents were observed, transient
in 46.7% (7/15) of responding neurones and sustained
currents in 53.3% (8/15) (Fig. 9A and C), two of which
were likely to be due to TRPV1 activation. Amongst
either mutant or control nociceptors, the desensitizing
components of transient currents were kinetically similar
whereas the sustained components of these currents were
more varied often due to the slow activation of TRPV1
receptors (data not shown, the example shown in Fig. 9C
was capsaicin insensitive). Between genotypes the 7 of
desensitization of transient currents differed significantly;
in wild-types it was 130.49 & 6.56 ms (n = 13) compared
to 1.41£0.01s (n=7) in DKOs. Transient currents
were also significantly larger in ASIC2/3 DKO neurones,
5.25 4 0.93 nA versus 2.06 £ 0.58 nA (Student’s unpaired
ttest, P < 0.01), due mainly to a large reduction in the
number of cells that expressed small (< 0.5nA) trans-
ient currents in the mutant genotype. The amplitude of
persistent currents was similar in DKO (116.1 &£ 25.8 pA)
and wild-type (125.8+37.9pA, P =0.84) neurones
and mixed kinetics currents were consistently small
(69.4 £ 5.2 pA).
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Figure 9. Currents activated in small-medium DRG neurones by pH 5.3; comparison of ASIC2/3 DKO and
wild-type neurones

A, frequency histograms of the responses of different neuronal populations to pH 5.3. Left, IB4— nociceptors, and
right, B4+ nociceptors; wild-type columns are on the left and nulls on the right. Responses were classified as
Transient, Slow/TRPV1, Mixed or Negative. In IB4— neurones the proportion of cells displaying transient currents
was similar between genotypes (wild-type, 50.0%; DKO, 43.8%); mixed currents were absent from ASIC2/3 DKO
neurones. The majority of B4+ neurones did not respond to acidification and transient proton-gated currents were
not observed in these cells. No distinction between genotypes was seen. B, example traces from wild-type (top) and
ASIC2/3 DKO (bottom) IB4— neurones with wide action potentials. C, mean peak amplitude of transient currents
in wild-type (filled column) and ASIC2/3 DKO (open column) IB4— nociceptors; currents were significantly smaller
in wild-type neurones (P < 0.01). D, mean amplitude of persistent currents in capsaicin-insensitive wild-type (filled
column) and ASIC2/3 DKO (open column) IB4- nociceptors. No difference was found between genotypes.
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As observed by Dirajlal et al. (2003) transient acid-
evoked currents were absent from IB4+ neurones
(Fig.9A). In wild-type neurones 26.7% (4/15) tested
for proton sensitivity showed small (<100 pA) sustained
responses and 26.7% (4/15) were sensitive to capsaicin,
three neurones responded to both. In DKO neurones
40.0% (6/15) responded to low pH (5/6 currents < 100 pA
and the sixth (248 pA) had kinetics characteristic of a
TRPVI1-mediated response) and 16.7% (3/18) responded
to capsaicin, one cell was sensitive to both (data not
shown).

Discussion

We have shown that clearly defined subsets of adult,
sensory neurones have distinct responses to mechanical
stimulation and that these responses are not mediated by
ASIC2 or ASIC3. In this study we used cell size, action
potential duration and IB4 binding to classify neuro-
nes. In vivo studies have shown a robust correlation
between action potential duration and mechanical
sensitivity; receptors with high mechanical thresholds
and mechanically insensitive neurones express wide,
inflected action potentials regardless of fibre type whereas
narrow action potentials are displayed almost exclusively
by AB- and Ad-fibre low threshold mechanoreceptors
(Rose et al. 1986; Koerber et al. 1988; Ritter & Mendell,
1992; see Lawson, 2002). Here we have also found a
striking relationship between action potential duration
and responses to mechanical stimulation in vitro. Nearly
all large neurones expressing narrow action potentials
displayed significant inward cationic currents that adapted
rapidly. By comparison, similar sized neurones with wide,
inflected action potentials responded much less frequently
to mechanical stimulation (within the testing range) and
overall had currents that were much smaller and displayed
distinct rates of adaptation. The adaptation of rapidly
adapting currents was well described by two exponentials
indicating a rapidly adapting initial phase followed by a
slowly adapting component, the slow phase tending to slow
as current amplitude increased.

Small-medium neurones, the vast majority of which
exhibited wide action potentials indicative of nociceptors,
exhibited four categories of responses to mechanical
stimulation. Approximately half were unresponsive when
subjected to displacements (up to 12 um) whilst the
remainder had responses that were classified as rapidly,
intermediately or slowly adapting. The predominant
MA currents had intermediate adaptation kinetics;
such responses were seen in IB4— neurones and were
characteristic of all responding IB4+ neurones. Hence
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intermediately adapting currents appear to be the response
of the majority of nociceptive neurones to membrane
displacement. Subpopulations of IB4— neurones also
displayed slowly and rapidly adapting currents. The
identity of neurones that display slow responses is
unclear although the observed distribution and frequency
is consistent with them being Ad-mechanonociceptors
(Koltzenburg et al. 1997). The majority of small-
medium neurones that exhibited MA currents with
rapidly adapting kinetics also displayed narrow action
potentials and it is possible that these smaller neuro-
nes are also low threshold mechanoreceptors (Djouhri
et al. 1998; Lawson, 2002). Thus our data are consistent
with investigations of mechanosensitivity in the intact
animal.

To investigate the molecular basis of MA currents in
DRG neurones we determined if neurones derived from
ASIC2 and ASIC3 null mutants showed altered responses
to focal mechanical stimulation. First we examined
putative low threshold mechanoreceptor neurones. Price
etal. (2000,2001) observed that mechanically evoked firing
in AB-fibres from ASIC2 nulls was reduced and that there
was an increase in firing rates in RA-mechanoreceptors
from ASIC3 knockout mice. Although our in vitro system
prohibits direct comparison of the different subclasses
of AB-fibres characterized by Price et al. (2000, 2001),
the data demonstrate that the deletion of these genes,
alone or together, had no significant effect on either
the sensitivity of large neurones with narrow action
potentials to mechanical stimulation or on the kinetics
of evoked responses. We therefore conclude that neither
of these ion channels contributes to the generation of
MA currents in isolated neurones. Mechanically evoked
responses of small-medium and other large neurones
also showed no differences between wild-type and double
knockout neurones. Price et al. (2001) showed a reduced
sensitivity of A§-nociceptors in ASIC3 nulls but no sub-
population showed any decrease in sensitivity in our
assay.

There was a notable (but not statistically significant)
difference in the mean amplitude of MA currents between
ASIC2 nulls and wild-type controls and ASIC3 nulls
and controls. This may be due to the different genetic
backgrounds of these mouse strains (see Methods) and
variation introduced by crossing the two lines may account
for the small difference between ASIC2/3 DKOs and
controls.

The observations that around half of adult mouse
and rat, but not neonatal rat (Drew et al. 2002), IB4-
positive neurones generate MA currents suggest that
developmental changes occur in the mechanosensitivity
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of these neurones. One possibility is that neurotrophic
signalling modulates mechanosensitivity as such signalling
undergoes major postnatal changes in IB4-positive neuro-
nes (Molliver et al. 1997). Brain-derived neurotrophic
fctor (BDNF) has been shown to regulate the mechano-
sensitivity of slowly adapting mechanoreceptors (Carroll
et al. 1998) and in IB4-positive neurones Stucky et al.
(2002) have shown that GFRa2 (glial cell-line derived
neurotrophic factor family receptor) null mutants have
a selective reduction in their sensitivity to heat stimuli.
Alternatively, as IB4 binds a greater proportion of neuro-
nes in the adult than the neonate (Bennett et al. 1996) it
may be the case that with development IB4 comes to label
a population of mechanically sensitive neurones.

Our investigation of responses to low pH revealed
that distinct current types are differentially distributed
amongst the categories of DRG neurones we defined.
The major currents observed in response to extracellular
acidification were ASIC-mediated transient currents and
a slowly activating persistent current, although a small
number of cells displayed both types of currents. Our data
suggest that functional expression of ASIC-like currents
is found predominately in IB4-negative neurones likely
to have a nociceptive function. Amongst large neurones
approximately 75% of those with wide action potentials
(almost certainly IB4-negative due to the size distribution
of IB4-binding neurones: Molliver et al. 1997; Dirajlal et al.
2003) displayed transient proton-gated currents whereas
in those with narrow action potentials the expression
frequency was below 20%. In small-medium neurones,
approximately 50% of IB4-negative nociceptors exhibited
transient proton-gated currents whereas, in agreement
with Dirajlal et al. (2003), we did not observe such currents
in IB4-positive cells. Two aspects of our data support
the hypothesis that ASIC1, 2 and 3 subunits are usually
coexpressed and form heteromeric ion channels (Benson
et al. 2001; Xie et al. 2002): Firstly, in wild-type neuro-
nes the rate of desensitization of all transient currents was
rapid and consistent with the coexpression of all three sub-
units (Benson et al. 2001) whereas in the double knockout
transient currents all displayed desensitization kinetics
consistent with the expression of ASIC1 (Waldmann et al.
1997; Chen et al. 1998) (although it is unclear if ASICla
or 1b or a combination of the two mediated the responses
we observed). Secondly, transient currents were seen in
similar proportions of neurones derived from wild-type
and ASIC2/3 double knockouts. However, it was notable
that neurones lacking ASIC3 did not generate mixed
currents suggesting ASIC3 is sometimes expressed without
other ASIC subunits. The tendency for pH 5.3-evoked
currents to be larger in ASIC2/3 double knockouts may
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reflect an up-regulation of ASIC1 transcripts, although the
slowed rate of desensitization would be likely to contribute
to the increase in peak current.

The other major response to acidification that we
observed was a slowly activating, persistent current. Inter-
estingly, this was the most common response of pre-
sumptive low threshold mechanoreceptors to pH 5.3 (seen
in around 70-80% of neurones) but was also seen in all
other neuronal subtypes. Persistent currents have been
reported before in capsaicin-insensitive cells (Petruska
et al. 2000) but have not been functionally characterized.
The channel that underlies this response is unknown;
such currents were present in ASIC2/3 double knockouts
and also in ASIC1 nulls and were insensitive to 200 um
amiloride (L. J. Drew & D. K. Rohrer, unpublished
observations). The slow kinetics of current activation were
similar to those observed for TRPV1 gating; however,
this current was observed mainly in capsaicin-insensitive
neurones. We found such currents most frequently in large
neurones with narrow action potentials (although they
may have been present, but masked, in neurones with large
ASIC-mediated currents). The absence of large transient
proton-gated currents in the majority of presumptive low
threshold mechanoreceptors is consistent with the acid
insensitivity of their peripheral endings (Lewin & Stucky,
2000), although the activation of a persistent inward
current by low pH could have important consequences
for neuronal excitability.

Most research in the mechanosensation field suggests
that transduction is a process intrinsic to sensory neuro-
nes (Lewin & Stucky, 2000). Hence, the finding that
separate classes of neurones display characteristic MA
currents consistent with their predicted function in vivo,
strongly suggests that the type of mechanosensitive ion
channels found at the soma are important in mechano-
sensation. We propose that these channels are normally
present at sensory endings and contribute to the trans-
duction of mechanical force into action potentials. The
diversity in MA current kinetics and other characteristics
may be accounted for by the expression of distinct but
closely related ion channels or by different heteromeric
compositions of channels. Alternatively, the behaviour of
the same channel may be influenced by interactions with
different membrane proteins or lipids or different cyto-
skeletal elements. These hypotheses are supported, but
not distinguished, by the findings that different neuro-
nal subpopulations show similar degrees of inhibition
by ruthenium red and gadolinium but are differentially
affected by cytochalasin B and changes in external [Ca’*]
(Drew et al. 2002). In culture, these channels can generate
considerable whole-cell currents in the absence of a
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complex extracellular matrix, although this does not pre-
clude their modulation by extracellular binding proteins. It
may be the case that interacting proteins alter the sensitivity
of the channel or its kinetics.

Theidentity of the ion channels underlying the observed
MA currents remains unknown. Amongst candidate
receptor classes are the TRP channels, a broad family
of ion channels that have sensory functions in a range
of systems (Clapham, 2003; see below). Interestingly,
MA currents share a number of properties with those
mediated by members of the TRP channel family. These
include inhibition by low micromolar concentrations of
ruthenium red (in a voltage-dependent manner similar to
that observed in this study (Watanabe et al. 2002)) and by
gadolinium, blockade by external Ca** and non-selective
cation permeabilities (Drew et al. 2002; and see Clapham
et al. 2001; Gunthorpe et al. 2002, for reviews). Although
none of these properties are unique to TRP channels,
the similarities are highlighted by recent observations
demonstrating a central role for TRP channels in a
number of mechanosensory systems. The TRP-related
channel NompC is probably a transduction channel in
both Drosophila sensory bristle cells (Walker et al. 2000)
and zebrafish hair cells (Sidi et al. 2003), whilst Nanchung
is crucial for Drosophila chordotonal neurone mechano-
sensation (Kim et al 2003). In mammalian systems
TRPV4 is activated by hypotonicity in cell lines (Liedtke
et al. 2000; Strotmann et al. 2000) and probably under-
lies similar currents in DRG neurones (Alessandri-Haber
et al. 2003). Thus, TRPV4 can be activated mechanically
without extracellular ‘anchoring), although activation is
slow and there is evidence that it may be indirect and
dependent on phosphorylation (Xu et al. 2003). TRPV4
null mutants appear to have some deficits in their responses
to mechanical stimuli (Suzuki et al. 2003) although these
authors state that only small neurones (accounting for
11% of all DRG neurones) expressed TRPV4 suggesting
a limited role for this protein. Alessandri-Haber et al.
(2003) provided evidence that this channel is activated by
hypo-osmolarity in nociceptors in vivo. To date, no other
TRP channels have clearly been implicated in mammalian
sensory mechanotransduction.

The role of ASICs in mammalian mechanosensation
remains to be determined. Homology between C. elegans
MEC channels and ASICs led to the hypothesis that
ASICs may function within a transduction complex in
mammals (Welsh et al. 2002). For example, ASIC2 binds
to a stomatin-like protein, Nstom1, which shows homo-
logy to MEC-2 (Eilers et al. 2002). Thus, mechano-
sensitivity may be conferred on ASICs only within the
correct environment, which must include appropriate
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extracellular proteins. However, if ASICs are central to
mechanotransduction, in contrast to C. elegans, much
redundancy must exist between channel types: ASICs are
expressed across all cell types of the DRG (Waldmann &
Lazdunski, 1998; Alvarez dela Rosa et al. 2002) and Garcia-
Anoveros et al. (2001) found ASIC2 immunoreactivity in
all NF-200-positive peripheral sensory endings that were
examined. However, mechanosensory deficits in ASIC2
and ASIC3 nulls were restricted to only two subsets of fibres
in each mutant (Price et al. 2000, 2001) and the mechanical
response properties of ASIC1 KO mice are normal (G. R.
Lewin, personal communication). Moreover, altered firing
rates in ASIC3 nulls were not limited to mechanoreceptors
as acid- and heat-evoked activity was reduced in C-fibres
(Price et al. 2001). Finally, despite changes in supra-
threshold firing rates, neither slowly nor rapidly adapting
mechanoreceptors had altered thresholds of activation in
ASIC2 or ASIC3 null mutants (Price et al. 2000, 2001).
The precise role of ASIC2 and 3 in modulating firing
frequencies in response to mechanical stimulation thus
remains to be determined. A simpler hypothesis is that
other ion channels, such as those underlying mechanically
activated currents in cultured DRG neurones, have a more
primary role in mechanotransduction.
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